We use phase-locked time-domain spectroscopy in the mid-infrared to directly demonstrate the "infrared magnetic mirror" behavior of an all-dielectric metamaterial. This metamaterial surface consists of micron-sized cubes of tellurium fabricated on a dielectric substrate.
Introduction
Magnetic mirrors, also known as high impedance surfaces, were first proposed at microwave frequencies [1] . In contrast to normal conducting surfaces which exhibit a 180 degree phase shift of the reflected electric field, a magnetic mirror will not reverse the sign of the reflected electric field. Rather, it is the magnetic field that exhibits a phase reversal upon reflection from a magnetic mirror. Thus, while the emission from an electric dipole placed very close to a normal conductor is largely canceled by the destructive interference of the forward and (reflected) backward radiated waves, a dipole emitter placed close to a magnetic mirror can radiate efficiently. Conversely, dipole absorbers placed close to a magnetic mirror will be located at an anti-node of the total electric field and can absorb efficiently, leading to potential applications in the areas of sensors, photodetectors, and spectroscopy [2] .
Experimental setup and tellurium (Te) cubic-dielectric (CD) metamaterial (MM)
The low loss dielectric resonator metamaterial consists of an array of ~1.7um Tellurium cubes on a BaF 2 substrate [3] (see Fig. 1(a) ). The transmission and reflection spectra of the CD-MM sample are shown in Fig. 1(b) . The two reflection peaks at 8.9 and 7.5 m correspond to the CD-MM magnetic and electric Mie resonances, respectively.
Time-domain spectroscopy (TDS) technique has been widely used at terahertz frequencies to obtain phasedresolved reflectivity and transmission spectra. Here we use a phase-locked mid-IR TDS system in reflection shown schematically in Fig. 1(c) . Mid-IR pulses ~250 fs long are generated by difference frequency mixing (in a GaSe crystal) using two phase-locked, near-IR pulse trains derived from a multiple output mode-locked fiber laser [4] . A synchronized 12 fs gate pulse is used to measure the infrared electric-field transients in the time domain through phase-matched electro-optic sampling [5] in a second GaSe crystal. An example of an IR spectrum tuned to match the magnetic resonance of the CD-MM is shown in Fig. 1(b) . Reference reflection spectra are measured by translating the sample to an unpatterned region that was coated with a gold film. Special attention was paid to make sure that switching between the gold and CD-MM surface does not cause any spurious delay change.
Experimental and simulation results
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The upper panel of Fig. 2 (a) shows the measured electric field of the reflected pulses from the CD-MM (green, thick line) and Au (blue, thin line) surfaces when the central frequency of the incident pulse coincides with the magnetic resonance of the CD-MM, while the lower panel shows a finite-difference-time-domain (FDTD) simulation of this behavior. For both cases, the reflection from the Au surface was referenced to a plane coincident with the middle of the cubic resonators (see the inset of Fig 2) . The delay in the envelope of the electric field is due to the resonant interaction of the infrared optical pulses with the metamaterial resonators. Simulations show that the electric field fringes from the CD-MM are in-phase with those from the gold reference at the electric resonance. The experimentally observed shift of the electric field fringes (Fig. 2b) agrees well with simulation results, and clearly shows the signature of optical magnetism: the total electric field must have a node at the surface of the metal, so the ~150 degree phase shift of the CD-MM reflection shows that there will be an electric field anti-node at the surface.
To summarize, we used a novel phase-locked time-domain spectroscopy system in the thermal infrared to directly measure the phase of an optical wave reflected by an all dielectric metamaterial. The measured phase approaches the ideal value of -180 degrees which is expected from a magnetic mirror. 
